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Abstract
Photon bremsstrahlung is proposed to be used to identify elastic proton-proton interactions at the
LHC. In addition to a measurement of the elastic pp cross section (assuming that the elastic slope
is known), the bremsstrahlung photons will allow the evaluation of the total pp cross section,
luminosity and to align the Zero Degree Calorimeters (ZDCs)1.
1 A dedicated study is being carried out for assessing the feasibility of using bremsstrahlung photons emitted in
elastic pp interactions for aligning the Roman Pot detectors at the LHC ?1?.
2INTRODUCTION
Elastic proton-proton interactions can be tagged at the LHC by detecting the bremsstrahlung
photons (figure 1).
Figure 1. A diagram illustrating radiative pp elastic scattering.
The probability to radiate a soft photon with energy k ?? E in proton-proton elastic scattering
(figure 1) is given by a well-known formula (1) (see, for example, ref. [2]).
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sB? ? , k? is the photon emission angle, 'k? is the angle between the photon k
?
and the outgoing
proton 'p?  3-momentum vectors, s? the proton scattering angle, ? the azimuthal angle between the
photon and the outgoing proton momentum, E(E’) the initial (final) state proton energy, and m the proton
rest mass.  The angular distribution of the emitted photons will depend on the slope, B, of the differential
cross section, / exp( )pp ppel eld dt B B t? ?? ? , since 2 2st p ??  (= 2tp ) at 1.s? ??  The predicted photon
angular distribution, with respect to the incident proton direction, forms the basis of this study (see also
ref. ?3?).
The characteristic radiated photon angle with respect to the proton direction, /k m E? ? , significantly
exceeds the proton scattering angle, /s tp E? ? ,  since  at  the  LHC  energies  the  elastic  slope,
p
p
p’
p’
?
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3220B GeV ?? , and therefore, the mean 1/ 0.22 .tp B GeV m? ? ??  In the limit ? ?2/ 1s k? ? ?? , the
probability to emit a soft photon with energy k within an interval dk (integrated over the angles) is given
by a simple expression ?3?
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As seen from equations (1,2), the cross section for soft photon bremsstrahlung is proportional to the
product 2( ) ( ) /el t elpp p pp B? ?? . Neglecting the real part of elastic amplitude and using the relation
2 /16el tot B? ? ?? , the radiative cross section is seen to be proportional to the ratio ? ?2/el tot? ? .
Assuming Geometric Scaling, see for instance ?4?, the ratios /el B? and /el tot? ? do not depend on
energy. Geometric Scaling implies that all the cross sections and the slope B are proportional to each
others and depend on the interaction radius R2(s), only. However, already a simple Donnachie-Landshoff
(DL) parametrization of high-energy pp elastic scattering amplitude in terms of a single Pomeron pole ?5?,
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which describes the existing experimental data rather well, violates the Geometric Scaling- the cross
section ?? s? grows faster than the slope )./log(' 0P0el ss2BB ???
The situation becomes even more complicated at the LHC energies, where according to the DL
parametrization the elastic amplitude in the centre of the disc would reach the black disc limit, and more
complicated multi-Pomeron exchange processes should play an important role. Therefore, the
measurement of the ratios totel ?? /  and/or elel B/? will allow an important and non-trivial test of the
dynamics of soft interactions at high energies.
Based on  a compilation of the most recent theoretical results ?6?, the ratio ? ?2/el tot? ?  varies at the LHC
energy of 14 TeV in the range of 0.0515 to 0.0876. This in spite of the fact that at lower energies all the
models describe the measured total and elastic cross sections reasonably well. These models are based on
the same basic principles and differ only in the way they sum the multi-pomeron vertices. A review of
existing theoretical models is given in ?7?.
There are important advantages of measuring the two soft bremsstrahlung photons emitted in the opposite
directions along the incoming beams. First of all, coincident registration of the two photons improves
background discrimination and provides an efficient fast trigger. Secondly, a simultaneous detection of
both single and double bremsstrahlung will allow a luminosity independent determination of the effective
elastic slope, B; When the slope and luminosity are known, an estimate of the elastic cross section, ?el , is
obtained.
4EXPERIMENT
The relatively soft photons emitted from the incoming and outgoing 5 TeV protons are registered by the
Zero Degree Calorimeters (ZDCs) that are installed at about ±140 meters from the interaction point
(figure 2). Apart from a measurement of the elastic pp cross section, the bremsstrahlung photons could be
used to determine the pp luminosity and alignment of the ZDCs, and possibly the Roman Pots installed
for registering the elastic protons.
ZDC
Figure 2. The lay-out of the forward region of the CMS Interaction Point 5 (IP5). The locations of the absorbers
(TAS and TAN), Quadrupole magnets (Q1-Q6), Dipole magnets (D1, D2) and TOTEM Roman Pot stations (RP1-
RP4) at +147 and +220 meters are shown ?8?. The CMS Zero Degree Calorimeters (ZDC) are located at ?140
meters from IP5, where the LHC vacuum chamber separates in two: The ZDCs only detect neutral secondaries
emitted at 0 degrees since the charged beam-like particles will be bent by the D1 dipole magnets [9].
The ALICE, ATLAS and CMS experiments are all equipped with the ZDC systems, which are included
in the fast first level trigger systems of the experiments [9,10]. The ZDCs are able to detect both very
forward photons and neutrons. They measure particle energy and also their transverse position (in one
dimension for CMS).  The ZDCs are located at ~zero degrees to the incident beams on each side of the IP,
in-between the two beam pipes beyond the first separation dipole, D1, at a distance, |z| ? 140  m,  see
Figure 2.  Their transverse size is ~8 cm x 8 cm and they cover the pseudorapidity range, |?| > 8.5.
Photons within an angular cone of ~0.3 mr will strike the ZDC.  The radial distance squared, r2, of a hit in
the transverse (x,y) plane with respect to the center of the ZDC is, r2 = x2 + y2.  The photon hit distribution
in r2, for radiative elastic scattering, peaks at r2 = 0 and thus characterizes the physics signal.
BACKGROUND
Photons from pp diffractive interactions can reach the ZDCs, favored by a forward production
mechanism, and are the main contributions to background. Unlike the radiative photon signal from elastic
scattering, this background is expected to be uniform over the small area of the ZDC, resulting in a flat
distribution in the variable r2. Non-diffractive interactions will also contribute to the background, but
these will be strongly suppressed by observing the secondaries in the central region and/or by the forward
T1/T2 detectors.
The ZDCs provide fast level one trigger signals and, together with the measurement of forward inelastic
activity, provide the necessary background rejection as discussed below.
A restricted energy range for the radiative photon signal in the ZDC is necessary in order to reduce
background.  Simulations with PYTHIA ?11? and GEANT ?12? show that the neutron contribution
5emerges above ~500 GeV.  Photons from ?0 decay and from particle interactions in the beam pipes are
almost entirely in the energy range below 50 GeV.  Therefore, the energy range chosen for this analysis is
50 to 500 GeV, in order to enhance the signal-to-background ratio. An estimate of the background was
determined to be < 5% over the chosen energy range.
Background from multiple photon hits in the ZDC has been studied from the simulation.  For the energy
range considered, the ratio of two-photon hits to one-photon hits is ~15%, for the T1T2 veto condition
(defined below).  The energy distribution pattern in the transverse plane in the ZDC for more than one
photon hit is markedly different from single hits, as a result of their separation. Shower profile fitting will
reduce the multiple hit background to small acceptable levels.
T1T2 VETO
Signal-to-background ratio from pp inelastic interactions can be improved by the use of present sub-
detectors at IP5.  At the CMS intersect, IP5, the TOTEM T1 and T2 trackers can be employed [8].  The
total ? region spanned by T1 and T2 is, approx 3 < |?| < 7.  The combination of T1 and T2, labeled the
T1T2 veto, can be used to reject any event having a charged track in the T1T2 ? region. At the ATLAS
intersect, IP1, a similar ? region is assumed to be covered2.
FSC VETO
To reduce background further, Forward Shower Counters, FSCs, can be added closely surrounding the
beam pipes, at 60 m < |z| < 85 m (between the MBXW elements of D1, and at further locations out to z =
?140 m on both sides of the interaction point, IP5 (or similarly, IP1), see Figure 3 and references ?13?.
2 The LUCID luminosity monitor of ATLAS covers pseudorapidities of ????5.6 to 6, i.e. it could be used for vetoing
diffractive and non-diffractive backgrounds.
6Figure 3. The proposed layout of the FSC counters on both sides of the intersection region from z = ?60 m to z =
?140 m.  The vertical lines indicate the locations of the proposed counters ?13?.
The FSCs do not detect particles directly from the collisions; however, they detect showers from forward
particles that interact in the beam pipe and surrounding material.  The FSCs would effectively veto the
dissociation background, as most of the fragmentation products hit the beam pipes and make showers,
which are detected.  The FSC veto would require at least five hits in any FSC counter.
The program GEANT has been used to simulate the beam line, including the beam pipes, beam screens,
and magnetic elements.  The LHC running condition at ?s = 10 TeV is for the configuration, ?* = 90 m,
with zero crossing angle.
TRIGGERS
The detection efficiencies of the T1T2 and FSC trigger vetos for single-diffractive interactions, as a
function of the diffractive mass, simulated by PYTHIA and the GEANT program sequence ?11,12? are
shown in Figure 4.
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7Figure 4. The detection efficiencies for single diffractive events simulated by PYTHIA ?11? as a function of the
diffractive mass.  Five charged particles (hits) are required in any of the FSCs, or at least one charged track in the
? region covered by T1 or T2.
Three trigger possibilities for data collection are considered.  The first would be to trigger on events
without any restriction (minimum bias), i.e., no veto.  The second would be a trigger with a veto on a
given eta range, i.e., a T1T2 veto.  The third would be a combination of T1T2 + FSC veto.
In the following, results are presented for the probability of detecting a single photon hit in the ZDC from
radiative elastic scattering.  In addition, the background from diffractive and non-diffractive interactions,
separately, is determined with the use of the PYTHIA  and GEANT programs.
RESULTS
The probability of detecting a single photon in the ZDC from radiative elastic scattering, as a function of
r2, is shown by the open histograms in Figure 5 (a,b,c).  The radiative photon contribution is plotted on
top of the background distribution for the probability of a singular photon from single-diffractive events
to strike the ZDC.  The normalization is taken respect to the cross-section for the production of a single
elastic event. Both high-mass and low-mass dissociation are included in the PYTHIA simulation.  Factors
are introduced which give an enhancement of the low-mass region, where resonance structure is observed
in the data ?11?.
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8Figure 5. The probability of detecting a single photon in the ZDC from radiative elastic scattering (open
histogram) added together with the probability for detecting a photon from a single-diffractive (SD) event (shaded
portion), as a function of the square of the distance, r2, of the photon hit from the center of the ZDC.  The
normalization is respect to an elastic event.  For cases, (a) no veto, (b) T1T2 veto, (c) T1T2 + FSC veto (see text).
Note that low mass diffraction with proton excitations N?N* is included in PYTHIA  based simulation ?11?.
The calculations assume various trigger conditions as follows, (a) no veto, (b) T1T2 veto, and (c) T1T2 +
FSC veto, exhibited by the three plots in Figure 5.  In the no veto case the signal-to-background (S/B) is
quite small.  For the T1T2 veto a distinct signal is seen above background.  Finally, in the case T1T2 +
FSC veto the S/B is large.
In a similar analysis, the probability of detecting a radiative photon is compared with respect to the
background from non-diffractive events, shown in Figure 6 (a,b). In this case, only two trigger conditions
are shown: (a) no veto, and (b) T1T2 veto.  The no veto case is poor and clearly unusable.  However the
T1T2 veto yields a strong suppression of background.  The T1T2 + FSC veto yielded a negligible
background (not shown).  From a comparison of Figures 5 (b) and 6 (b) it is seen that the background
from non-diffraction is unimportant compared to that from single-diffraction.
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9Figure 6. The probability of detecting a single photon in the ZDC from radiative elastic scattering (open
histogram) added together with the probability for detecting a photon from a non-diffractive event (shaded
histogram), as a function of the square of the distance, r2, of the photon hit from the center of the ZDC.  The
normalization is respect to an elastic event.  For cases, (a) no veto, (b) T1T2 veto (see text).
An additional background, not included above, can result from single diffraction. This is when the
direction of the elastic diffractive proton is toward the ZDC under consideration, and the diffractively
dissociating system is in the opposite direction. In this case, the diffractive proton emits the photon which
could contribute to background. The simulations show that the background from this condition is very
small, 5% and 2%, for the veto conditions T1T2 and T1T2+FSC, respectively.
CONCLUSIONS
By measuring photon bremsstrahlung from protons, elastic pp scattering events can be identified at the
LHC. The photons radiated off the initial and final state protons will be seen by the Zero Degree
Calorimeter and can be used to measure the product 2ppel tp?  or the ratio /pp ppel tot? ?  (for a review,
see ref. ?7?), luminosity (ref. ?14?) and relative alignment of the ZDCs, and of the Roman Pot detectors.
The forward detectors beyond rapidities of ??? ? 3 provide an efficient veto against neutral particle
backgrounds in the ZDCs from diffractive and non-diffractive events. The proposed Forward Shower
Counters (FSCs) would significantly improve this veto efficiency. Even at relatively high luminosities of
the order of 1033 cm-2s-1, for which the ‘effective’ luminosity )exp( nLL 0eff ?? decreases from the
nominal one, L0, as a function of the mean number of inelastic pp interactions per bunch crossing, n, the
FSCs would provide an effective veto against backgrounds.
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A simultaneous measurement of single and double photon bremsstrahlung will allow a luminosity
independent determination of the effective elastic slope; By using the elastic slope and luminosity, the
elastic cross section, ?el, can be measured.
Finally, the above analysis should encourage the use of all forward detector systems in LHC experiments,
so that the maximum physics discovery potential can be achieved.
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